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I. INTRODUCTION 
A surface is the region which divides two different phases, 
e.g., solid-vapor. Since the atoms on a surface are in a very 
different environment when compared to those in the bulk of the material, 
the properties of surface atoms are expected to differ significantly from 
the properties of bulk atoms. The transition from surface to bulk 
properties occurs within only a few atomic layers, so that surface 
effects are generally negligible as far as the average properties of an 
entire crystal are concerned. However, as technology advances, 
particularly in this age of miniaturization, many industrial products 
are getting smaller, creating a relatively high surface to volume ratio. 
Consequently, the surface effects become pronounced and in some cases, 
even dominant. In fact, many phenomena of current technological interest, 
such as catalysis, corrosion and thin film growth, are controlled by the 
surface configuration and properties. 
From the scientific viewpoint, it is necessary to understand the 
characteristics of pure materials. These characteristics are atomic 
configurations and energy of surfaces, interaction of surface atoms with 
neighboring atoms and the migration of atoms on the surfaces. The 
surface structures of many metals have been studied by the loi? energy 
electron diffraction (LEED) technique (1, 2). Inmost cases, the atomic 
configurations correspond to the extension of the bulk structures. 
However, the spacings between the first few layers of atoms on the 
surface are somevdaat different from those in the bulk, so that there is 
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a change in atomic interactions when surface atoms become involved (3). 
Approximate theoretical models have been derived and calculations carried 
out to estimate these interactions (4, 5). Direct experimental 
measurements, however, are rather difficult. An indirect technique that 
has been used is to study the motion of atoms on a surface, i.e., 
surface self-diffusion studies, to determine the free energy of formation 
and the migration energy of the diffusing species. 
The atomic arrangement on a surface changes with orientation, so 
that the interactions among surface atoms can be expected to vary with 
surface orientation. Thus, by measuring the rate of surface self-
diffusion of a material on different surfaces and in different diffusion 
directions under similar experimental conditions, it is possible to 
eliminate many experimental variables. Any measured differences in 
surface diffusion coefficients can, therefore, be attributed to the 
different atomic arrangements. From these relationships one can obtain 
valuable information about the interaction between the migratory atoms 
and the crystalline body. In addition, surface diffusion measurements 
also give the surface diffusion coefficient, which is valuable in 
studying processes such as sintering, crystal growth, void migration, 
epitaxial film growth and nucleation. 
Several techniques have been developed to determine the surface 
diffusion coefficient. These techniques are based on the following 
concepts : 
(1) direct observation of the displacement of adatoms by the 
Field Ion Microscope techniques. 
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(2) migration of a radioactive tracer on solid surfaces, and 
(3) measurement of changes in surface topography due to the motion 
of surface atoms. 
A significant amount of work has been done on surface self-diffusion 
of face-centered cubic (fee) metals, showing good correlation among the 
experimental data from those metals. The theoretical model, based on 
the energetics of adsorbed atoms, is available (6). On the other hand, 
our knowledge of high temperature surface self-diffusion of body-centered 
cubic (bcc) metals is very limited. The bcc metals in groups V A and 
VI A of the periodic chart (V, Nb, Ta, Cr, Mo and W) have very high 
melting points. With the current demand for high temperature materials, 
there is a growing interest in the properties of these refractory 
metals. It is believed that, as in the case of fee metals, there should 
be a general correlation among the surface self-diffusion coefficients 
of bcc metals. Furthermore, because of the directional binding 
characteristic of bcc metals, it seems likely that surface self-diffusion 
will show significant anisotropy. 
A considerable amount of experimental work has been done on the 
surface self-diffusion of tungsten. The majority of these experiments 
have been carried out using field emission microscope (FEM) techniques 
which cover a wide range of surface orientations. A limited number of 
experimental results are also available for other refractory metals, 
except vanadium. Vanadium has good corrosion resistance to both acids 
and alkalis, is ductile, has good structural strength and has a low 
neutron absorption cross-section (7); thus, vanadium is a potential 
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refractory material for future energy production systems. Therefore, 
it will be valuable to fill the gap in experimental data from both 
scientific and application viewpoints. 
This research has two major goals. The first is to carry out 
surface self-diffusion measurements on vanadium so that the results can 
be compared with those of other refractory metals. From the comparison, 
the common behavior of surface self-diffusion of refractory metals can 
be analyzed. The second goal is to study surface self-diffusion as a 
function of surface orientation and diffusion direction. This will 
provide information about interaction involving surface atoms. 
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II. REVIEW OF EXPERIMENTAL TECHNIQUES 
Surface diffusion is the migration of atoms or clusters of atoms 
on solid surfaces. It was first discussed by Volmer (8). In his 
crystal growth experiment, he observed that the crystal grew faster in 
certain directions and this rapid growth could not be explained by the 
rate of deposition and volume diffusion. He attributed this fast growth 
to surface diffusion, since atoms were expected to move faster on the 
free surface. A number of experiments followed and verified the high 
rate of migration on surfaces (9). However, quantitative results have 
become available only in the last two or three decades with the advent 
of ultra-high vacuum systems. 
Migration of atoms occurs when there is a driving force present. 
ÔlJi 
Under a chemical potential gradient a flux, J, can be 
expressed as 
J = Eq. 1 
where is the number of sites per unit area, and M is the mobility 
defined in terms of diffusion coefficient D as 
M = ^  Eq. 2 
where T is the absolute temperature and k is the Boltzmann constant. 
This equation applies to surface diffusion as well as volume 
diffusion. Thus, diffusion coefficient relates flux to driving force 
and is the quantity commonly used to characterize the rate of surface 
diffusion. Several experimental techniques have been used to determine 
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this rate (Figure 1). The more important techniques will be briefly 
discussed in this section. 
A. Radioactive Tracer 
In the early quantitative experiments radioactive tracers were used. 
The tracer was allowed to spread over the surface being studied and the 
concentration profile then determined. The difficulty was to account 
for the loss of tracer into the bulk through bulk diffusion (10-12). 
Although the bulk diffusion of tracer can now be estimated (13), the 
interpretation of surface diffusion data is still ambiguous because of 
the correlation effects between bulk and surface diffusions are 
uncertain. 
B. Field Emission Microscope (FEM) (14, 15) 
The major FEM components include a needle with a very fine tip 
of the metal being examined sealed in a glass bulb under vacuum with a 
hemispherical fluorescent screen on the opposite end (Figure 2). A 
very high electric field is applied to enable some electrons in the 
metal to tunnel through the work function barrier. These electrons 
accelerate towards the fluorescent screen and form an image. The 
difference in the intensity on the screen can be interpreted as 
different atoms or atomic arrangements on the surface of the tip. The 
atoms on the tip have a tendency to migrate away from the tip in order 
to minimize the total surface energy. By assuming that surface diffusion 
is the dominant transport mechanism, the rate can be determined by 
monitoring the changing geometry of the tip. The dissolution of the 
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Figure 2. A schematic of the Field Emission Microscope (FEM) 
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outermost layer of atoms on the tip is indicated by the disappearance 
of a bright ring in the image. Therefore, by following the rate of 
"ring decay", the rate of surface diffusion can be determined (16). A 
second FEM method, called "protrusion decay", has also been used. In 
this method, protrusions are first formed on the tip by the application 
of a high electric field. Subsequently, the time required for the decay 
of these protrusions as indicated by the disappearance of bright spots 
on the screen is measured. From the decay rate, the surface self-
diffusion coefficient is calculated. In these experiments, the atoms 
are diffusing over a wide range of crystallographic surfaces. It is 
difficult to correlate the observed diffusion parameters with the atomic 
arrangements on these surfaces. 
C. Field Ion Microscope (FIM) (17-19) 
The FIM may be considered as an outgrowth of the FEM. Its 
construction is similar to that of the FEM. In the FIM, the polarity 
of the high electric field is reversed and a small amount of gas, usually 
helium or neon, is introduced into the vacuum system. The tunneling of 
electrons is directed into the metal tip, thus the gas atoms adjacent 
to the tip are ionized and being accelerated towards the fluorescent 
screen. The mass of the ion is much larger than that of the electron 
and therefore, according to the Heisenberg Uncertainty Principle, its 
position can be more precisely determined. Thus, the FIM has a higher 
resolving power than FEM. It is able to resolve the individual atoms 
on the surface of the tip. This is the only available method for 
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direct observation of atomic positions on a surface. In measuring 
surface diffusion, the positions of adatoms are observed periodically 
and the coefficient of surface diffusion is determined from the 
measurements of their average displacement as a function of time by 
using random walk theory. The FIM appears to be an ideal technique for 
studying surface diffusion, as the displacement of individual atoms can 
be followed in the absence of any impurity. However, like other 
techniques, it has its drawbacks. The application of a high electric 
field actually exerts a strong force on the tip. This limits the 
studying of surface diffusion to a few metals with high melting points, 
e.g., tungsten, tantalum and iridium. The flat portion at the top of 
the tip, where atomic displacement is observed experimentally, is only 
about ten atoms in diameter. Thus, the problem of applying the results 
obtained from such a small area to a much larger surface is still to be 
solved. In addition, the FIM technique is limited to surface diffusion 
studies at low temperatures, usually below 300°K. This limitation not 
only introduces the question of the validity of applying the results 
at higher temperatures which are common in engineering, but also the 
question of supersaturation of defects. At low temperatures, the 
equilibrium defect concentration at the surface is very low. It is very 
unlikely that an atom would be activated to an adatom in this small area 
under equilibrium conditions within a reasonable period of time. In 
order to measure the migration of adatoms, atoms are evaporated from 
another source and then condensed onto the tip. Thus, there is a 
large degree of supersaturation of defects from a thermodynamic point of 
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view. It is not clear whether this will affect the migration of adatoms. 
D. Mass Transfer Techniques 
The basic principle of the mass transfer techniques is to monitor 
the change in surface profile when atoms migrate from one position to 
another under the influence of a driving force such as a chemical 
potential gradient. Herring (20) showed that the chemical potential, ji, 
at a point on the surface, is a function of the curvature at that point 
and can be expressed as 
IX - + RT' + ^  ^ ^  Eq. 3 
1 2 1 2 
where = chemical potential at the point, 
= chemical potential of a plane surface, 
^ = atomic volume, 
Y = surface energy, 
Rg = principle radii of curvature, 
n^, ry = surface directions. 
Surface diffusion is only one of the mechanisms causing the 
migration of atoms. Other mechanisms may include viscous flow, 
evaporation-recondensation and volume diffusion. The problem is to sort 
out the relative contribution of each mechanism. To achieve this. 
Herring (21) proposed the scaling law which states that the time. At, 
required to produce by sintering at a given temperature geometrically 
similar changes in two or more solid particles which are identical 
geometrically, except for a difference in scale, can be expressed as 
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Eq. 4 
where v is the size factor and 
n = 1 for viscous flow 
= 2 for evaporation and recondensation 
= 3 for volume diffusion 
= 4 for surface diffusion. 
This scaling law makes it possible to identify the predominant 
mechanism in a process. Kuczynski (22) showed that viscous flow does 
not operate under a curvature gradient. Thus, there are still three 
different mechanisms left, namely, evaporation-recondensation, volume 
diffusion and surface diffusion. Mullins published a series of papers 
analyzing various mass transfer mechanisms for surface diffusion 
studies (23-28). Based on the scaling law, Mullins showed that by 
proper choice of curvatures, the relative contribution of each 
mechanism can be calculated. Several forms of surface profiles, 
e.g., single scratch, grain boundary and sinusoidal profile, have been 
used. When a grain boundary intercepts a surface at right angles 
(Figure 3), a groove will form to satisfy the equilibrium condition 
at the interception of the two solid-vapor surfaces and the grain 
boundary (23). This groove will result in a surface profile whose 
curvature changes with position when moving up from the bottom of the 
groove. The curvature gradient causes a chemical potential gradient and 
thus, a net flux of material moves outwards from the groove. 
Consequently, the equilibrium at the bottom of the groove is disturbed 
13 
y 
I 
I 
Figure 3. A schematic diagram of a grain boundary groove 
14 
and the groove deepens in order to maintain the equilibrium. Mullins 
made several assumptions which included: that the surface properties 
were isotropic, that only small slopes from the flat surface were 
present, and that one transport mechanism was predominant. The width, 
w, and depth, d, of the groove were related to surface diffusion 
coefficient as follows: 
w = 4.6 (Bt)^/^ 
Yr t/a for surface diffusion only 
d = 0.973 ^  (Bt)^'^ 
Eq. 5 
and 
w = 5.0 (Ct) 1/3 
Vb 1/3 d = 1.01 ^ (ct)i/j 
s 
for volume diffusion only 
The terms B and C are defined as follows: 
2 
B = 
C = 
kT 
D Y 
V s 
Eq. 6 
kT 
Eq. 7 
Eq. 8 
where D = coefficient of surface diffusion, 
s ' 
= coefficient of volume diffusion, 
Yg = surface energy, 
Yg = grain boundary energy, 
N = number of atoms per unit surface area, 
0 = atomic volume. 
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Recently, Srinivasan and Trivedi (29) and Robertson and 
Srinivasan (30) proposed a rigorous analysis of grain boundary grooving 
under the combined action of surface and volume diffusion. Using their 
analysis, the volume diffusion, as well as the surface diffusion 
contributions, can be determined independently from measurements of 
widths versus time. Their result is 
4 , 
^ = (4.6) B + (5.02)3 Cw . Eq. 9 
In addition to the grain boundary grooving technique, Mullins 
showed that a sinusoidal profile can also be used to study surface 
diffusion (24). A corrugated surface (Figure 4), which is sinusoidal 
and everywhere parallel to the z axis, can be described as 
y(x, o) = a^ sin wx at time = 0 and u) = where X is the wavelength 
of the sinusoidal profile and a^ is the amplitude. If the surface lies 
everywhere near the reference plane and all slopes are small, the 
.2 
—o y 
curvature can be approximated by 2 • Again, it was assumed that 
ÔX 
surface properties were isotropic, therefore, the minimization of 
surface area yields a minimum of the total surface energy. Thus, such 
a surface will tend to become flat with time. 
The sinusoidal profile described above can be experimentally produced 
by either making equidistant parallel scratches or chemically etched 
lines on polished surfaces. The distance between the centers of two 
neighboring lines is the wavelength of the sinusoidal profile. The 
profile is usually not precisely sinusoidal to begin with, but upon 
heating, the higher harmonics (the non-sinusoidal position of the surface 
Ay 
o\ 
X 
Figure 4. Sinusoidal surface profile. \ is the wavelength 
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profile) will decay much faster and leave only the sinusoidal portion 
within a relatively short period of time. 
Upon heating J the sinusoidal profile will decay (Figure 5) under 
the simultaneous action of the three migration mechanisms previously 
discussed and can be represented as: 
^ = -(Aw^ + Cto^ + Bo)^) y (x, t) . Eq. 10 
The terms B and C are identical to those in the analysis of grain 
boundary grooving, 
P 
A = — ° 
(kt)3/2 
Eq. 11 
2tt 
w = — 
A. 
where P^ = equilibrium vapor pressure on a flat surface, and 
M = molecular weight. 
If only the amplitude, a, of the sinusoidal curve is considered. 
^ = -(Aw^ + CtjO^ + Bto'^) a . Eq. 12 
The solution of this equation is 
2 3 4 -, 
a = a^ exp [-(Aw Cw -t- BOJ )t] Eq. 13 
and 
Xn (~) = -(Aw^ + + Bw^)t . Eq. 13a 
o 
Figure 5. The decay of a sinusoidal profile 
ZTT 
w 
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Therefore, when a is plotted versus time, the slope will be 
2 3 4 
-(Aw + Cw + Bo) ). This term, less the minus sign, is commonly referred 
to as the decay constant. When three or more decay constants with 
different wavelengths are measured, the values of A, B and C can be 
determined by solving the equations simultaneously. However, in most 
cases, the experiments are designed in such a way that one or two of 
the three terms in the decay constant expression are so small that they 
can be neglected or treated as correction terms. 
Before the technique of photo-etching was used in producing 
sinusoidal profiles, the greatest difficulty was controlling the distance 
between lines, i.e., the wavelengths of the profile. The decay 
constant is very sensitive to a slight change in wavelength due to the 
3 4 presence of the oj and w terms. It was only natural to derive a solution 
for the decay of a single scratch in order to avoid this problem (27, 28). 
However, the analysis of single scratch data turned out to be so 
complicated that this technique has seldom been used. 
The sinusoidal profile decay is currently the preferred method of 
determining surface self-diffusion coefficients because it is relatively 
easy to form a sinusoidal profile and the mathematical treatment is 
simple. In contrast to grain boundary grooving, in sinusoidal profile 
decay experiments, surface diffusion in different directions can be 
measured in a single experiment. Furthermore, the amplitude of the 
profile can be measured by laser diffraction (31, 32) techniques 
without removing the specimen from the ultra-high vacuum chamber. This 
minimizes the probability of contaminating the surface. 
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III. EXPERIMENTAL PROCEDURE AND.RESULTS 
Experimental work was carried out to measure the surface self-
diffusion coefficient of vanadium as a function of temperature by using 
the sinusoidal profile decay technique. All low index orientations 
were studied, although the profiles on (110) and (100) surfaces became 
faceted which made it difficult to obtain quantitative surface diffusion 
results on these surfaces. On the (111) surface, diffusion coefficients 
were measured as a function of both temperature and direction. A 
significant anisotropy in the surface diffusion coefficient was observed. 
In this section the experimental procedure and the major results 
obtained in these experiments will be discussed. 
A. Experimental Procedure 
The experimental work consisted of the following steps: 
(1) preparation of a single crystal vanadium specimen with 
appropriate surface orientation, 
(2) creation of periodic surface profiles along specific 
crystallographic directions on the surface, 
(3) heating the specimen in ultra-high vacuum (UHV) system, and 
(4) monitoring the changes in surface profile as a function of 
time at a given temperature. 
1. Specimen preparation 
A single crystal vanadium rod, approximately 1/2 inch in diameter 
and 5 inches in length, was prepared at the Ames Laboratory by 
Mr. F. A. Schmidt. Spark source mass spectrometric analysis showed 
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that the major impurities were tungsten and carbon (Table 1). In 
order to obtain more reliable results on interstitial impurities, 
vacuum fusion analysis was carried out on the specimen both before 
and after the experiment. The results are shown in Table 2. The 
orientation of the vanadium single crystal was determined by using the 
back-reflection Laue method. Thin sections with appropriate surface 
orientation were sliced from the vanadium rod with a spark cutter in 
order to minimize the disturbance in the lattice structure. The slices 
were about 1.5 cm diameter and 0.15 cm thick. They were mounted in 
metallographic molding material, which is soluble in acetone. 
Mechanical polishing was done through Linde A and the final surface 
was prepared with electropolishing. The electrolyte used was 6% 
perchloric acid in 94% methyl alcohol. The temperature was kept below 
-70°C by immersing the beaker containing the electrolyte in a mixture of 
dry ice and acetone (Figure 6). A stainless steel disc was used as 
cathode. It was determined that best results could be obtained by 
placing the cathode parallel to the specimen at a distance of about 1 cm. 
When the polishing current was plotted versus the applied voltage, 
three regions, namely, etching, polishing and pitting, were evident 
(Figure 7). From these results, it was decided that the best applied 
voltage for electropolishing was 12 volts. The current density was about 
2 0.1 ampere/cm . Period for electropolishing was about 5 minutes. 
The surface was then examined with the interference microscope. 
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Table 1. Major impurities in vanadium from spark source mass 
spectrometric analysis 
Impurity ppm (atomic) 
A1 3 
K 3 
Ca 4 
Fe 23 
Si 30 
Cr 71 
C 400 
W 590 
Table 2. Gaseous impurities in vanadium by vacuum fusion analysis 
Impurity ppm (wt) 
before annealing 
ppm (wt) 
after annealing 
Oxygen 66 30 
Hydrogen 20 7 
Nitrogen 36 86 
23 
Electrolyte 
tm 
Dry ice 
Acetone 
A" Stainless steel electrode 
B - Specimen 
Figure 6. Experimental setup for the electropolishing of vanadium 
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Figure 7. The current-voltage relationship in electropolishing-
region 1 - etching, region 2 - polishing and 
region 3 - pitting 
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2. Creation of periodic profile 
Since the decay of sinusoidal profile occurs through several 
different transport mechanisms, it is important that the wavelength of 
the profile be chosen such that the surface diffusion mechanism 
contributes significantly to the decay process. The wavelength required 
for this can be determined from Equation 13 which gives the decay 
2 3 4 
constant as a sum of three terms, namely, Ao) , Co) and Bw . They 
represent the relative contribution to the decay process by evaporation-
recondensation, volume diffusion and surface diffusion, respectively. 
The presence of the different powers of w makes it possible to change 
in relative contribution of individual mechanisms by selecting 
different wavelengths. With proper choice of wavelength, one or two 
of the three different mechanisms can be made negligible, thus the data 
treatment will be simplified. Both the vapor pressure (33, 34) and 
volume diffusion coefficients (35-40), D^, of vanadium are known and 
the approximate value of the coefficient of surface diffusion, D^, can 
be estimated from those of other refractory metals (6). In addition, 
a single scratch decay experiment was carried out to verify this 
and the results were in the same order of magnitude. At 1200°C, the 
vapor pressure of vanadium is 3 x 10 ^ torr and the values of and 
Dg are 1 x 10 and 1 x 10 ^ cm^/sec, respectively. Using these 
values, it can be shown that 
2 
< 0,01 for X < lOOjajn . 
Cw 
Therefore, for any wavelength less than lOO^m, the contribution of the 
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evaporation-recondensation mechanism to the profile decay will be less 
than 17o of that of volume diffusion. Similarly, 
3 
^ < 0.01 £or k < 9u 
Bto''-
and 
3 
~ 1 for X ~ 90)1 . 
Bw 
Experimentally, it is difficult to obtain a sinusoidal profile with 
wavelength of less than lO^m. Therefore, the contribution of volume 
diffusion to the sinusoidal profile decay will be more than 10% of that 
of surface diffusion and the contributions of the two mechanisms will be 
equal when the wavelength is about 90pm. However, even at 90|j,m, the 
contribution of evaporation-recondensation is still less than 1% of that 
of either volume diffusion or surface diffusion. Thus, to obtain 
significant surface diffusion contribution and to have negligible 
evaporation-recondensation, it was decided to use wavelengths in the 
range of 10-40|ji,m in this work. 
Two different methods, namely, mechanical scratching and chemical 
etching, were used to create the sinusoidal profile on the electropolished 
surface. It should be pointed out that the profile does not have to be 
precisely sinusoidal to begin with. After a period of annealing, a 
periodic profile will transform into a sinusoidal profile due to the 
more rapid decay of the higher harmonic waves than that of the 
fundamental sine wave. 
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The mechanical scratches were created by using a micro-hardness 
tester. A phonographic needle with an oval tip (small diameter ~ 3(x) 
was used in place of the indenter. It was pressed onto the specimen on 
the stage with a weight of 10 grams. The stage was moved slowly and 
steadily by turning a micrometer in order to draw the lines. This was 
repeated until sets of scratches with spacings of 10, 15, 20 and 30|i 
were formed. 
In the case of chemical etching, the electropolished specimen is 
coated with AZ 1350 photo-resists while spinning on a 7900 rpm motor 
to ensure a uniform coating. The specimen is then baked for 25 minutes 
at 90 + 5°C in air. After cooling to room temperature, a glass plate 
with line grids (Figure 8) is placed on the coated specimen. This 
setup (Figure 9) is exposed to a beam of white light from tungsten 
filament for about 30 minutes. The photo-resists is then developed 
and washed in distilled water. The portion of the photo-resists that 
has been exposed to light will dissolve away and expose the vanadium 
surface. The specimen is then baked at 120 + 5°C for approximately 
20 minutes to set the undissolved photo-resists. Twenty minutes of 
etching of the exposed vanadium in 25% nitric acid at room temperature 
is sufficient to create a periodic profile with a line depth of 
approximately Ip. The remaining of the photo-resists coating is then 
removed from the specimen surface by dissolving in acetone (Figure 10). 
After the parallel grooves have formed on the surface with either of 
the two methods, the mounting material is dissolved in acetone and the 
specimen is given a final electropolishing for about one minute in order 
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Figure 8. Schematic of photographic pattern used in photo-etching. 
Upper figure represents the actual size; each square 
consists of parallel lines with specific spacing. 
Lower figure is the magnified picture (80X) of one of 
the grids 
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different steps in photo-etching process, 
(a) specimen masked with photo resists; (b) etched 
and mask removed; (c) electropolished, (500X) 
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to minimize surface contamination, 
3. Annealing of specimen 
Annealing was carried out in a 12 inch diameter ultra-high vacuum 
chamber manufactured by Varian Associates (Figure 11). It was equipped 
with two sorption pumps for rough pumping and a 220 liter/sec ion pump. 
The system was back-filled with dry nitrogen each time before opening 
to atmosphere. After closing, the two sorption pumps were able to 
"•2 
evacuate the system to a pressure of about 10 torr, after which the 
ion pump was used to obtain a system pressure of lower than 
2 X 10 ^  torr after two hours of baking at 200°C. 
Heating was achieved by electron bombardment (Figure 12). The 
specimen holder was made of 5 mil molybdenum sheet with a circular 
hole facing the viewing port of the vacuum chamber so that the surface 
profiles would be seen. The heating filament was a 10 mil tungsten 
wire, placed about 0.5 cm behind the specimen holder. The filament 
was placed behind the specimen so that it would not interfere with 
optical pyrometer measurements of the temperature. A current of about 
6 amperes was used to heat the filament, and a potential of 1000 volts 
was applied between the specimen and the filament with the positive side 
on the specimen. The specimen was initially heated up to 1440-1500°C 
using an emission current of about 150 mA. This temperature was reached 
in approximately 10 seconds and then maintained for about 20 seconds in 
order to clean the surface by evaporating a few atomic layers. 
Subsequently, the specimen was brought to a desired annealing temperature 
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Figure 12. Schematic of electron bombardment assembly 
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by lowering the emission current. Within the temperature range used in 
these experiments, a change of 1 mA in emission current would cause a 
change of about 5°C in specimen temperature. Drifting of temperature 
was found to be less than 3°C during long periods (e.g. 200 hours) 
of annealing. 
The temperature was measured with an optical pyrometer for the 
following reasons: 
(1) thermocouples could not be used due to the presence of the 
electron beam, 
(2) the temperature at the exact spot of the sinusoidal profile 
on the surface could be measured, and 
(3) the use of a pyrometer simplified the experimental setup. 
In order to correct the temperature reading from optical pyrometer, 
as the specimen was not a black body, it was necessary to know the 
emittance of the specimen. The value of the emittance of vanadium was 
given as 0.35 in the literature (41). However, early results from the 
present work indicated that this value might be too high. This could 
be due to the fact that the specimen surfaces in this work were all 
highly polished and additional correction had to be made to compensate 
for the absorption of the radiation by the viewing port. An experiment 
was carried out to measure the effective emittance, which is 
the product of the emittance of the specimen and the transmission of the 
viewing port. A polished vanadium specimen was spot welded on a 
5 mil tantalum strip, which was heated by resistance heating (Figure 13). 
The heating strip was shielded to prevent any of its thermal emissions 
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Figure 13. Heating assembly for measuring the emittance of the 
vanadium specimen 
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from reaching the viewing port and interfering with the measuring of 
the specimen temperature. Fine gauge Pt-Pt 13% Rh thermocouples were 
spot-welded onto the specimen surface and temperature readings were 
taken simultaneously from the thermocouples and the optical pyrometer. 
After correcting for the heat drain by the thermocouples, the results 
are shown in Table 3. Based on these results, the effective emittance 
of vanadium was taken as 0.20 and the temperature readings from the 
optical pyrometer were corrected accordingly. 
In order to prevent any contamination of the viewing port due to 
deposition of metal, two glass plates were placed in the system 
(Figure 12). The first plate was positioned between the specimen and 
the viewing port. It was to collect a major portion of evaporated 
metal and it was mounted on a rotary feed-through so it could be moved 
to the side when the temperature of the specimen was measured. The 
second plate was placed against the view port. It was to be replaced 
if contamination occurred. 
4. Monitoring of surface profile 
Two different methods were used to monitor the change in surface 
profile with time at constant annealing temperature, namely, interference 
microscope and laser diffraction. 
When interference microscope was used, the specimen was removed 
from the UHV system periodically and interference photographs were taken 
with a Zeiss interference microscope on 35 mm Kodak Tri-X film. Care 
was taken to photograph the same portions of the grids each time. The 
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Table 3. Experimental data on measurement of the effective emittance, 
®eff' vanadium 
Temperature °C Temperature °C ®eff 
from thermocouple from pyrometer 
1183 968 0.22 
1166 1027 0.20 
1211 1068 0.20 
1276 1110 0.19 
1330 1150 0.19 
1130 1002 0.21 
1196 1052 0.20 
1241 1088 0.20 
1304 1141 0.19 
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magnification of images on the negatives was lllX. They were enlarged 
to 10 X 8 inch prints with a total magnification of approximately lOOOX. 
Actual measurements were made on these prints. This method has the 
advantage of giving a permanent record of the actual surface profile 
even if it is not sinusoidal. The main disadvantage is in the increased 
risk of surface contamination since the specimen is periodically removed 
from the UHV system. 
In the second method, a 2.2 mW helium/neon laser gun was used. The 
beam is aimed at the sinusoidal grid by using a reflecting mirror mounted 
on a precision mount (Figure 14). The intensity of each diffracted 
beam is measured with a photometer and recorded on a X-Y recorder 
(Figure 15). The resulting intensity envelope of the diffracted beams 
is related to the amplitude of the sinusoidal profile. Bonzel and 
Gjostein (31, 32) have computed the envelope using the theory of 
interaction between an electromagnetic wave and a sinusoidal profile 
(Figure 16). Therefore, by comparing the measured and calculated 
intensity envelopes, the amplitude can be determined. These authors 
have also shown that the position of maxima in the intensity envelope 
has an almost linear relationship with the amplitude of the sinusoidal 
profile. It may be represented by the following expression: 
A = 0.059 n + 0.041 for 1 < n < 10 Eq. 14 
wavelength > lO^m 
where A is the amplitude in microns and n is the position of maxima in 
the intensity envelope. It should be noted that because n is the 
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maxima in the intensity envelope, it is not necessary that it be an 
integer. 
This method makes in-situ measurement of amplitude possible and 
thus, avoids the risk of contamination, as the specimen stays in the 
UHV system throughout the annealing and measuring process. However, 
the available theory is only applicable to sinusoidal profiles. 
Therefore, these two methods, interference microscope and laser 
diffraction, are in fact complementary. The former is preferred during 
the specimen preparation phase as well as in determining whether the 
profile is actually sinusoidal. The latter is preferred in monitoring 
the decay of a profile which is known to be sinusoidal. 
In order to compare the results of the two different techniques of 
measuring amplitudes, a set of sinusoidal profiles was measured with 
both techniques, and the results are shown in Figure 17. They are in 
close agreement with each other. 
B. Experimental Results 
The results can be divided into three groups: 
(1) initial experiments which were carried out to verify the 
estimated surface self-diffusion coefficient of vanadium and to observe 
the general decay characteristics of periodic profile on surfaces with 
different orientation, 
(2) surface self-diffusion coefficient measurements on the (111) 
surface in different crystallographic directions, and 
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(3) exploratory experiments to observe the decay characteristic 
of a sinusoidal wave on a surface with high index orientation and in 
the presence of a temperature gradient along the surface. 
1. Initial experiments 
a. Single scratch decay technique This experiment was carried 
out to determine the order of magnitude of the surface self-diffusion 
of vanadium. A single scratch was drawn with a diamond stylus along 
the [110] direction on the (111) surface of a single crystal vanadium 
specimen. It was annealed at 1192°C in UHV. The change in the profile 
of the scratch, as a function of annealing time, is shown in Figure 18. 
The total annealing period was 460 hours which is much longer than the 
15 hour period commonly reported. Thus, the effect of higher moments 
can be neglected. Furthermore, the scratch was observed to be quite 
symmetrical, so that the results can be analyzed by using the 
King-Mullins theory (27) which considers the second moment only. 
When both the volume and surface diffusion are operating, King 
and Mullins showed that the change in the width, w, of the scratch 
(i.e., distance between the two maxima in the profile) as a function 
of time can be given by the expression 
. E,. 15 
^ 4w-^ 3w 
After integration and rearrangement, this gives 
, 3 3 2 2 
TT  ^- 4n(wr-l)] + c' Eq. 16 
® ° (6.90) rB ^ 
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18. Single scratch decay on the (111) surface of vanadium 
at 1192°C 
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where = experiment time, 
tg = a fictitious time defined by King and Mullins, 
C' = the integration constant, 
r = 0.141 and 
B and C have been defined previously. 
Since both t^ and C are constants, we can put C' + t^ = p, which 
is also a constant. Different values of B and C together with the 
experimental data of w and t were used to calculate the value of p at 
each point. By using the criterion that the value of p should be 
a constant throughout the experiment or at least does not vary 
systematically with time, the best fitted values of B and C were found to 
be 1.2 X 10 and 2.5 x 10 £SL. respectively. The value of t„ 
sec sec ^ o 
was found to be 90 hours. Comparison between the experimental data 
and the predicted values is shown in Figure 19. The surface self-
diffusion coefficient of vanadium calculated from B was found to be in 
close agreement with the estimated value based on the experimental data 
on other refractory metals. 
b. Decay characteristics of periodic surface profile on low index 
surfaces Periodic profiles, with wavelengths ranging from 10 to 32|i,m, 
were made on the (100), (110) and (111) surfaces of vanadium. These 
profiles were made by mechanical scratching as well as photo-etching 
techniques. The manner in which the profiles decay was found to depend 
strongly upon the orientation of the surface as shown in Figure 20. 
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The annealing of periodic profile at 1131°C showed that it was 
only on the (111) surface that the periodic profile decayed to form 
a sinusoidal profile as assumed by Mullins. On the (110) surface, 
the periodic profile changed into a faceted profile and decayed with 
time as shown in Figure 21. On the (100) surface, the rate of decay 
of the periodic profile was very slow compared to that observed on 
(110) and (111) planes. Even after 60 hours of annealing at 1130°C, 
no significant change in the shape of the profile was seen. However, 
strong facets were found to develop when the specimen was heated at 
1192°C for 700 hours. This development of facets on the (100) surface 
was observed when the profiles were both in [lOO] and [llO] directions 
as shown in Figure 22. 
The general decay characteristics of periodic profile decay on all 
surfaces studied were found to be identical whether the profile was 
mechanically scratched or photographically etched. 
2. Surface self-diffusion on the (111) surface 
Since the decay of periodic profiles were found to turn sinusoidal 
only on the (111) plane, detailed experimental measurements on the 
rate of decay of sinusoidal profiles on this plane were carried out as 
a function of wavelength, diffusion direction and temperature. Both 
mechanically scratched and photo-etched profiles were studied. 
Figure 23 shows the decay characteristics of periodic profiles as 
a function of wavelength at 1130°C. The rate of decay was found to 
depend strongly on the wavelength. The profiles with shorter wave­
lengths decayed in a relatively short time, \diereas the profiles with 
Figure 21. Faceting of periodic profile on 
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Figure 23. Decay of sinusoidal profile on the (111) surface of vanadium as a function 
of wavelength at 1131°C 
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longer wavelengths required considerably more time to decay. The decay 
constant was determined by plotting the natural logarithm of amplitude 
versus time as shown in Figure 24. The value of the slope was 
calculated by using a least square analysis. Note that the periodic 
profiles are not sinusoidal in the early stage of decay. However, the 
small wavelength or the higher harmonic components decay in a relatively 
short time, so that the profile becomes sinusoidal. The length of time 
period required before reaching this stage varies with the wavelength 
of the profile. As shown in Figure 23, the profile with a wavelength of 
10pm is sinusoidal after 36 hours while the profile with a wavelength of 
30|j,m does not become sinusoidal even after 400 hours. The decay 
constant was measured only after the profile becomes sinusoidal. 
The value of the decay constant does not depend on the method with 
which the profile was prepared. The photo-etched profile gives the 
same results as that of the mechanically scratched profile. However, 
the results from mechanically scratched profile had more scattering. 
This is attributed to the fact that the wavelength of the profile is 
not as precisely controlled as those of photo-etched profiles. 
Diffusion in both [211] and [110] directions was studied. The 
sinusoidal profile with diffusion in [110] direction decays faster than 
that with diffusion in [211] direction (Figure 25). This is true for 
all the temperatures and wavelengths studied. 
When the decay constants obtained with laser diffraction technique 
were compared to that from interference microscope, no significant 
difference was found. 
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Since the decay constant k is defined as 
3 4 k = Cti) + Bo) , Eq. 17 
the plot of versus o) will be linear and the slope and interception 
will be B and C, respectively. The results are shown in Figure 26. 
The surface self-diffusion coefficient, D^, and the volume diffusion 
coefficient, D^, were calculated from these results and are listed in 
Table 4. 
The logarithms of and were plotted versus ^  (Figures 27 and 
28); Arrhenius relationships were found. The diffusion coefficients 
can be written as 
D - 18 exp [-77-5 Kcal/mole^ cm! 
V RT sec 
D (111) [110] , 288 eXD r-50.9 Kcal/mole, 
s RT sec 
P, (111) [211] r-48.8 Kcal/molen cm^ 
^s ~ L RT sec 
where the superscripts specify the surface orientation and diffusion 
direction. 
Consequently, the and Q values for surface self-diffusion of 
vanadium on (111) surface can be written as 
1101 c 
0 2 3 5 6 4 
CO 
3 
Figure 26. plot of K/o) vs to . The slopes represent the values of B and the interceptions 
represent the values of C 
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Table 4. Coefficients of surface and volume diffusion on the (111) 
surface of vanadium 
4 2 3 2 
Temp Experimental Direction ^  .cm . ^ ,cm . ^ .cm . ^ ,cm . 
(K) techniques sec s sec sec v sec 
1374 Photo-etched [211] 1.40xl0"^^ l.ioxio'^ 3.12xlO"^® 2.28xlo"^^ 
1374 Mechanical [2II] 2.03xl0'^^ 1.59xlO"^ 1.66x10"^® 1.21xl0"^^ 
scratches 
1404 Mechanical [2II] 7.53xlO"^^ 6.06xl0"^ l.SlxlO"^® 1.13xlo"^^ 
scratches 
1434 Photo-^tched [2II] 4.82xl0"^^ 3.96xl0"^ 2.17xl0"^® 1.65xl0"^^ 
1434 PhotCMetched ^gll] 4.97xlO"^^ 4.08xl0"^ 1.52xl0"^® l.lôxio"^^ 
1434 Photo-etched 6.90xl0"^^ 5.67xlO"^ 
1465 Photo-etched [211] 6.45xl0"^^ 5.42xl0"^ 7.57xl0"^® 5.89xlo'^^ 
1465 Mechanical [211]  4.21x10"^^ 3.53xlO"^ 6.37xl0"^® 4.75xl0"^^ 
scratches '• 
1465 Photo-etched 1.02xl0"^° 8.55xl0"^ 
1496 Photo-etched [gll] 7.78xlO"^^ 6.66xl0"^ 2.58xl0'^^ 2.05xl0"^° 
profile 
1496 Photo-etched 6.54x10"^^ 5.60xl0"^ 3.15xl0"^^ 2.50xl0"^° 
profile 
1496 Photo-etched 1.38xl0"^^ l.lSxlo"^ 
profile 
loto-etct 
profile 
loto-etct 
profile 
1527 Photo-etched ^gll] 1.22xlO"^° 1.07xl0"^ 9.52xlo"^® 7.72xl0"^^ 
1521 Photo-etched [gll] 7.35x10"^^ 6.42x10"^ 2.63xl0"^^ 2.13xl0"^° 
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Direction Dq £ 
— 2 
[110] 288 — 50.9 Kcal/mole 
sec 
2 
[211] 66 — 48.4 Kcal/mole . 
sec 
The volume diffusion results from this investigation are compared 
with other work available in the literature (36, 38). All the other 
results were obtained by radioactive tracer technique. Considering 
the difference in experimental technique, the results are in good 
agreement. 
3. Exploratory experiments 
a. Effect of temperature gradient A specimen with a surface 
orientation of (110) was prepared with sinusoidal profiles in three 
directions, i.e., [100], [llO] and 45° in-between the two. A temperature 
gradient of approximately 50°C across the specimen was deliberately 
created by aiming the electron beam on one-half of the specimen. The 
direction of the gradient was approximately 45° in-between the [lOO] 
and [110] crystallographic directions on the surface. The temperature 
at the center of the specimen was approximately 1150°C. After 200 hours 
of heating, the specimen was removed from the UHV system and examined 
under microscope. The lines in the [lOO] direction were found to be 
broken. Further heating resulted in additional breaking (Figure 29). 
Both the rate of breaking and the distance between breaking point 
on the same line appeared to be a function of line spacing. These 
lines, with smaller spacing, break in a shorter period of time and 
Spacing = 32\i 16^ 12|j, 
200 hrs. 
Figure 29. Periodic profile decay on (110) surface with lines in [100] direction with a 
temperature gradient of 50°C across the specimen in a direction 45° to the lines. 
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they break into shorter portions. The breaking did not occur in the 
lines in the [110] direction, but appeared to occur in the lines 45° 
in-between. However, the rate was much slower than that which occurred 
in lines in the [100] direction. 
b. Decay of sinusoidal profile on a high index plane A 
specimen with a surface orientation of 9° away from the (111) surface 
towards the (110) surface, i.e., on the edge of the unit stereographic 
triangle, was prepared as described previously. After 50 hours of 
annealing at 1223°C, the laser diffraction pattern appeared to be 
asymmetric about the zero order beam. The specimen was examined with 
interference microscope. The sinusoidal profiles were found to be 
distorted. The horizontal distance between the peak and the valley 
on one side of the peak is not the same as that on the opposite 
side (Figure 30). 
Figure 30. Distorted 4 1) sinusoidal profile on vanadium 
with an orientation of 9° away from (111) towards 
(110) after 1400 hours at 1223°C. The wavelength 
is 32|j, 
65 
IV. DISCUSSION 
A. Surface Energy Calculation 
In spite of the fact that surface energy is the fundamental property 
of surfaces, relatively few measurements have been made and most of the 
available data are in the high temperature range. These data are 
obtained by using various techniques such as the zero creep method, 
the multiphase equilibrium, the phase equilibrium at the grain boundary 
intersection and the mass transport techniques. There is a considerable 
scatter in the experimental values reported for refractory metals, as 
shown in Table 5. On the other hand, the change in surface energy 
with temperature is not well-established, mainly because the variation 
in surface energy is comparable to the experimental uncertainty in 
measuring. Thus, the surface energy of a given metal is commonly 
assumed to be a constant within a limited temperature range. 
Although the values of surface energy have been experimentally 
determined for refractory metals such as W, Mo, Nb, Ta and Cr, no 
experimental data is available for vanadium. Thus, a reasonable value 
for the surface energy of vanadium should be estimated. Two different 
calculations, one of which relates surface energy to the heat of 
sublimation and the other relates the surface energy to the work 
function, will be used. 
Several authors (1) have proposed a linear relationship 
between the molar surface energy of a metal and its heat of sublimation. 
This was based on the fact that the creation of a surface required 
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Table 5. Surface energy measurements of refractory metals 
Metal Temperature °C Technique^ Surface energy erg 
cm'' 
References 
Cr 1200 MPE 2500 + 300 42 1400 - 1700 GBG 2200 + 250 43 
1427 FEM 2200 + 200 44 
2350 ZCW 1960 + NA 42 
Mo 
1600 
1600 - 2000 
MPE 
MPE 
2110 
1140 
+ 200 
+ NA 
42 
45 
2500 ZCW 1920 + 200 46 
1500 MPE 2050 + 370 47 
Nb 2250 1500 
ZCW 
MPE 
2100 
2550 
+ 100 
+ 550 
48 
47 
Ta 1500 MPE 2680 ± 500 47 
1757 FEM 2900 + 290 16 
W 2000 MPE 1680 + NA 45 
1500 MPE 2830 + 470 47 
FEM = field emission microscope; GBG = grain-boundary grooving; 
MPE = multiphase equilibrium; ZCW = zero creep (wire); and NA = not 
available. 
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breaking a fraction of bonds per atom, whereas, the sublimation required 
breaking all bonds (49-52). Experimental values of molar surface energy 
were plotted versus the heat of sublimation in Figure 31, and a linear 
relationship was observed (1). From this plot, the following 
relationship was derived: 
molar surface energy = 0.16 X heat of sublimation . 
The heat of sublimation for vanadium was measured (53) to be 109 Kcal/mole, 
so that the above relationship gives: 
2 
surface energy = 1873 erg/cm . 
The second method used to calculate the surface energy was based on 
the correlation between the surface energy and the work function. 
Frenkel showed that the work function of a metal can be related to 
the heat of sublimation. Thus, it is evident that the surface energy 
should also be correlated to the work function. Based on the free 
electron theory of metals, Missol (54) derived a relationship between 
the surface energy and the work function as follows: 
1530 0 „2/3 
surface energy = Z 
where q = structural coefficient which is 0.93 for bcc metals, 
0 = work function, 
V. = atomic volume and A 
Z = the effective number of free electrons per atom. 
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Figure 31. Plot of the molar surface energy as a function of the 
heat of sublimation for metallic solids 
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Using this relationship and the value of work function (55, 56) as 
2 4.44 eV, the value of surface energy was found to be 1780 erg/cm . 
The two values of the surface energy of vanadium obtained from two 
different empirical relations differ less than 5% from each other. This 
difference is smaller than the common experimental uncertainty of about 
10%. Thus, in this investigation, the surface energy value of 
2 
1800 erg/cm was used. 
B. Terrace-Ledge-Kink Model for Surface Diffusion 
Phenomenological relationships describing the surface diffusion 
process can be experimentally obtained based on thermodynamic 
considerations, regardless of the atomic structure of the surface. In 
order to obtain a deeper understanding of surface diffusion, it is 
necessary to have a relationship between the diffusion process and the 
structure of the surface involved. Therefore, a model which can be used 
to explain the experimental results is required. 
There is only one such model in common use. It is the so-called 
Terrace-Ledge-Kink (TLK) model (57, 58) proposed by Stranski and 
Kossel (Figure 32). In this model, the surface of a solid is assumed 
to be the plane of intersection of the crystal with a geometrical plane 
when all atoms with their centers on one side of the plane are removed. 
According to this model, the outermost layer of the remaining atoms 
makes up the surface and the atoms are in the same lattice positions 
as the bulk lattice. Such a surface can be visualized as consists of 
terraces, ledges and kinks as in Figure 32. Any average surface 
TERRACE 
KINK MONATOMIC LEDGE 
• ADATOM 
LEDGE-ADATOM 
WW# 
o 
TERRACE 
VACANCY 
Figure 32. Schematic diagram of a terrace-ledge-kink model of a single crystalline surface 
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orientation can be achieved by varying the number of ledges and kinks. 
If only ledges are present, the average distance, S, between two monoatomic 
ledges can be defined as S = g, where h is the height of the ledge 
and 0 is the angle between the average surface orientation and the 
terrace orientation (Figure 33). A similar equation can be used to 
determine the average distance between two kinks. This model is 
supported by experimental results, e.g., LEED (59), FIM and transmission 
microscope (60). However, LEED results also indicated a small surface 
relaxation in many cases. 
Surface diffusion is, in fact, the migration of surface defects, 
i.e., the adatoms on the surface and the surface vacancies in the first 
atomic layer. This process can be considered in two separate parts, 
namely, the formation and the migration of the defects. It is usually 
assumed that thermodynamic equilibrium is achieved and the defect 
concentration on a particular surface is a function of temperature only, 
as the effect of pressure is negligible on solid surfaces in vacuum. 
At a fixed temperature, the atoms in the various types of sites on a 
surface have different energies and each is situated in an equilibrium 
position defined by a surface potential. The kink sites have a special 
characteristic. Atoms can be added or removed and the kink site is 
always restored. Thus, each subsequent addition or removal requires the 
same amount of energy and does not change the number of defects present 
except when the kink reaches the edge of the surface. This effect can 
be neglected on flat surfaces as the size of a crystal is usually very 
large when compared to the size of an atom. Consequently, the binding 
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Figure 33. Surface with an orientation of 0° away from a low index 
plane. S = terrace width; h = terrace 
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energy of a crystal as a whole is the product of the binding energy of 
an atom at the kink site and the number of atoms in the crystal. 
Therefore, the binding energy of an atom at the kink site can serve as 
a convenient reference point (61). 
Assuming that thermodynamic equilibrium is reached, the concentration 
of adatom can be expressed as 
N, = e.p [- j „ 
where = number of adsorption sites per unit area, 
Ekink ~ energy for transferring an atom from kink site to vapor, 
E^datom ~ energy for transferring an adatom to vapor, 
k = Boltzmann's constant and 
T = temperature in K. 
Similarly, the surface vacancy concentration, N^, can be expressed as 
exp [/terrace ' "klnkj gq. iSa 
where ^terrace ~ energy for transferring an atom in the terrace 
to vapor. 
An adatom in one equilibrium position may jump to another equilibrium 
position when it has enough energy, or more precisely, large enough 
component of momentum to surmount the potential barrier between the two 
positions. In equilibrium state, the net flux in any direction is zero. 
Net diffusion occurs when a potential gradient is present as jumping 
towards a certain direction is favored by the gradient. Consequently, 
the system is no longer in an equilibrium state. However, if the gradient 
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is small, which is the case under most experimental conditions, the 
system can be considered to be in a steady state and the net flux can be 
described by the rate theory for thermally activated reactions. 
Considering the migration of adatoms between two neighboring lattice 
points, i and j, with a distance i apart and a potential barrier, 
in-between, the net flux is zero under equilibrium condition (Figure 34). 
When a small potential gradient, AG, is applied, the net flux, > can 
be expressed as 
AG^ 
Jij = X Ni Vij exp [ 5!^ ] 
AG AG Eq. 19 
- 4 Nj Vji exp [ ^ ] 
where v is the vibration frequency and the subscripts specify the 
positions. For NL = Nj, and small AG, 
AGm 
Jij = 4 Ni Vij exp (- • Eq. 20 
From Eqs. 1 and 2, the flux can also be expressed 
as 
-D.N . 
where D is the surface diffusion coefficient, 
s 
By comparing Eqs. 20 and 21, and using ^  = - we obtain, 
9 N, AG„ 
Dg = i V ^ exp [-
2 AG« AG 
= £ V exp [- exp [-
Eq. 22 
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Figure 34. Hypothetical hopping potential on the terrace. The 
atom at point i is migration to point j with a 
distance 1 and a potential barrier AGm between the 
two points 
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where AGg is the formation energy of the defect. 
As Gibbs* free energy, G, can be separated into enthalpy H and 
entropy S as G = H - TS and AG = AH - TAS at constant temperature, 
can be rewritten to separate the temperature dependent and independent 
components. If v is assumed to be independent of temperature, 
, AS. + AS AH. + AH 
Dg = 4 V exp [ ] exp [- -] Eq. 23 
where the subscripts f and m indicate formation and migration, 
respectively. When Arrhenius relationship is used, 
where is the frequency factor and Q is the activation energy. By 
comparing Eq. 23 and Eq. 24, 
„ AS. + AS 
D* = 4 V exp [ ^ -] Eq. 25 
and 
Q = AH. + AH . Eq. 26 
r m 
The surface diffusion coefficient of vacancy can be derived in a 
similar manner. If more than one type of defect is contributing to the 
diffusion process, the total flux is the sum of all fluxes. 
The activation energy for migration or the potential barrier between 
two sites is determined by the potential function on the surface. Due to 
the large number of atoms present, quantum theory cannot provide an exact 
solution for the surface potential. In order to make an estimate of 
the activation energy of surface diffusion, pairwise interaction models 
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have been used. These models are based on pure central forces. They 
include the Lennard-Jones potential and the Morse potential. Lennard-
Jones potential will be used here. This potential assumes that the 
attractive potential obeys the inverse sixth power law and the 
repulsive potential obeys the inverse twelfth power law. 
The binding energy, E^, between two atoms which are assumed 
to be rigid spheres, in a crystal can be expressed as 
Gb = L (#)* 
where L = a constant for the material, 
r = the distance between two atoms and 
a = the atomic radius. 
Assuming that the bonds do not interact with each other, the total 
binding energy, of an atom surrounded by m atoms is, 
™ a 6 
btotal - l.z, (#:) • 
1=1 X 
The value of ^ ^ can be determined if both L and r's are known, 
total 
The value of r is determined by the geometry of the lattice and the 
value of L can be obtained by using the experimental value of the heat 
of sublimation. 
In the bcc lattice, each atom has 8 first nearest neighbors (FNN), 
6 second nearest neighbors (SNN) and 12 third nearest neighbors (TNN). 
Their distances from the atom are 2a, 2.31a and 3.27a, respectively. 
According to the inverse sixth power law, the ratio of the respective 
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binding energies is 1:0.42:0.053. The contribution of atoms beyond a 
distance of 3.5a will be neglected. 
The number of bonds for atoms at different sites on the (111) 
surface is listed in Table 6. 
Table 6. Number of bonds per atom on the (111) surface of a bcc lattice 
Atomic Site 
FNN 
Number of bonds per atom 
SNN TNN 
Terrace 4 3 9 
Ledge 4 3 6 (in [211] 
direction) 
7 (in [110] 
direction) 
Kink 4 3 6 
Adatom 4 3 3 
As discussed previously, the energy of the atom at the kink site is 
chosen to be the reference point. The formation energy of surface 
defects can now be calculated. In the case of adatom formation, an atom 
is removed from the kink site and placed on the terrace (Figure 35). 
From Table 6, the change in binding energy is, 3 X binding energy of TNN, 
L 3L 
which is r . Therefore, the formation energy is r . 
(3.27) (3.27) 
Similarly, the formation energy of a surface vacancy can be determined 
by transferring an atom from a terrace site to a kink site. For the (111) 
TOPMOST LAYER 
SECOND LAYER 
THIRD LAYER 
Figure 35. Atomic arrangement on the (111) surface of bee metals. Atoms at kink sites are 
indicated by K 
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surface of a bcc structure, it is identical to that for the adatom 
formation. 
The activation energy of migration by an adatom is the change in 
Etotal that atom when it moves from an equilibrium position to a 
saddle point. The position of a saddle point on the (111) surface is 
shown in Figure 36. By determining the position of each nearby atom in 
a xyz coordinate, the distances between the atoms can be easily 
calculated. The for the atom at the saddle point was found to 
be L(0.040), while the total binding energy at an equilibrium position 
4 3 3 is L (—r + T + z) = 0.085 L. Therefore, the activation energy, 
1 (2.31)* (3.27) 
which is the difference between the two, is 0.045 L. The activation energy 
of a vacancy was found to be the same. 
The value of L can be calculated from the heat of sublimation. 
Sublimation can be considered as the transferring of atoms from kink 
sites into vapor phase. Therefore, when each atom is sublimated, 4 FNN, 
3 SNN and 6 TNN bonds are broken. The heat of sublimation of vanadium is 
known to be 109 Kcal/mole (53). Therefore, the value of L can be 
expressed as 
109 Kcal/mole . ^ + _3_^ + -^) Eq. 27 
(2)° (2.30)* (3.27) 
where A is the Avogadro's number. Substituting the value of A, we 
obtain 
.-21 Kcal L = 2.08 X 10 
atom 
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• TOP LAYER (z = 4a/3) 
O SECOND LAYER (z = 2a/3) 
® THIRD LAYER (z = O) 
1 #.x 
2a 3a 4a 5a 6a 7a 8a 
Figure 36. Position of saddle point on the (111) surface of bcc 
metal (indicated by X). a = atomic radius and 
z = 2.7a at the saddle point 
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Consequently, 
AG^ = 55.9 Kcal/mole, 
AGjg = 3.1 Kcal/mole and 
Q = + AGg = 59 Kcal/mole . 
The calculated activation energy, 59 Kcal/mole, is higher than the 
measured value of 50 Kcal/mole. A similar discrepancy between the 
experimental value (~ 72 Kcal/mole) and the theoretical value 
(~ 85 Kcal/mole) based on the pairwise interaction model has been found 
for the migration energy of tungsten atoms over a wide range of surface 
orientations in FEM (16). This discrepancy is mainly due to the 
approximate nature of the model which ignores both the lattice relaxation 
and the electron redistribution on the surface. 
The relative positions of surface atoms are slightly different from 
those in the bulk due to the relaxation of the surface atoms. Using 
Morse potential, Wynblatt and Gjostein (4, 5) found that for low index 
surfaces of both copper and tungsten, the surface layers of atoms were 
displaced normally to the surface. Taking this into consideration, the 
activation energy of adatom migration on copper was calculated and the 
result was in good agreement with experimental data. Wynblatt and 
Gjostein (5) also calculated the migration energy of adatom on the (110) 
and (211) surfaces of tungsten in the same manner. Their calculation 
predicted the migration energies to be 0.54 eV and 0.43 eV, respectively, 
which are much smaller than the measured values of 0.96 eV and 0.57 eV. 
This remaining discrepancy is believed to be due to the neglect of 
the electronic effect at the surface. The electron distribution over a 
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smooth surface will be different from that near ledges and kinks. 
Importance of electron contribution can be seen from the experimental 
measurements of work function which show significant variation with 
orientation (62). It has been suggested that electronic effect can 
strengthen the bonds of atoms on a smooth surface, whereas it can weaken 
the bonds of protruding atoms on a rough surface. The strengthening of 
bonds was suggested by Herring (63). He reasoned that an atom on the 
surface is surrounded by fewer neighbors so that "the electrons which 
would normally form bonds with the missing neighbors do not stand idle, 
but go cheerfully to work strengthening the few bonds which remain." 
Thus, the average bond energy of an atom at the surface should become 
somewhat higher. On the other hand, Smoluchowski (64) proposed that 
the electron distribution in the vicinity of protruding atoms will tend 
to smooth out. Thus, there will be a depletion of the electron cloud 
in the vicinity of the protruding atoms. This depletion will then 
weaken the bonds of the protruding atom to its neighbors. 
The overestimation of the migration energy on bcc metals is well-
established. Unfortunately, no simple model is available to 
quantitatively predict these effects, particularly the electronic effect, 
on surface diffusion. In order to gain more insight into the energetics 
of surface atoms, more reliable experimental studies are needed to 
measure surface diffusion, work function and binding energies as a 
function of orientation and direction for different bcc metals. 
One possible approach is to study surface diffusion on surface 
orientations which have the same terrace orientation but have different 
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orientations and densities of ledges and kinks. Two such studies were 
carried out. In the first study, the surface self-diffusion was 
measured on the (111) surface of vanadium in both [110] and [211] 
directions. The terrace orientation was (111), but the ledges change 
with direction. The difference between the surface diffusion 
coefficients in these two directions will indicate the effect of ledges 
and kinks. In the second study, the terrace, as well as the ledge 
configuration, were kept the same, but the density of ledges varied. 
The results of these experiments are discussed below. 
According to Nye (65), D can be represented by a second order 
'^ll ^12 
tensor as [D..] = [ ] where the two subscripts specify the directions 
"21 "22 
of applied forces and of the resulting motion, respectively. The 
principle of microscopic reversibility states that if the velocities 
of all the particles are reversed simultaneously, the particles will 
trace their former paths. This implies that the mechanical equation of 
motion of each of the particles is symmetrical with respect to the past 
and future, i.e., it is invariant under the transformation t -t, 
where t is the time. Assuming this principle is valid for surface 
diffusion, Onsager (66) showed that Therefore, is a 
symmetrical tensor. Consequently, there exists a set of principle 
axis where 0^2 = 0 and the coefficient of surface diffusion in any 
direction can be expressed as 
D(0) = cos^ 0 + 0^2 sin? 0 Eq. 28 
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where 0 is the angle between the diffusion direction and one of the 
principal axis. This equation represents an ellipse. When it is 
applied to a crystalline surface, the symmetry of the surface must be 
taken into consideration. Therefore, for a (110) surface %hich has a 
2-fold symmetry, this equation predicts anisotropy in surface diffusion. 
On the other hand, on the (100) surface which has a 4-fold symmetry, the 
only ellipse that satisfies this requirement is a circle. Therefore, 
surface diffusion is isotropic on the (100) surface. Similarly surface 
self-diffusion is expected to be isotropic on the (111) surface due to 
the presence of the 3-fold symmetry. However, the experimental results 
indicated otherwise. The difference is in the atomic arrangements of the 
ledges and kinks in different directions. 
The ledges and kinks can influence both the formation and migration 
of adatoms. In the mass transfer techniques, diffusion occurs along the 
profile whose orientation is slightly different from that of the 
specimen surface and it consists of ledges and kinks. The ledges may not 
appear to be transparent to the migrating atoms. According to the 
pairwise interaction model, the activation energy required to migrate 
across a ledge is, in fact, slightly higher than that across the terrace. 
This is due to the missing atoms on one side of the ledge. However, due 
to the relatively open atomic arrangement on the (111) surface of 
vanadium, the difference in migration energy is less than 1%, which could 
not be detected experimentally. Furthermore, the electron redistribution 
at the ledges would tend to lower the binding energy at the ledge. 
Therefore, jumping across the ledge should not be a rate limiting factor 
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in this particular case. 
Another possible reason for the anisotropy would be the difference 
in the formation energy of defects. The pairwise model predicts that 
the formation energy does not change with direction on the (111) surface. 
However, the change in the atomic arrangement at the ledges can be 
expected to alter the electron distribution which, in turn, may change 
the activation energy of formation. Though it is impossible to 
quantitatively calculate the effect of electron redistribution, it is 
reasonable to conclude that the small difference in experimental results 
comes from the different atomic configurations of ledges. It is, 
however, necessary to study such an anisotropy in other bcc metals, such 
as tungsten, so as to confirm the role of ledge structure on the formation 
energies of defects. 
In an exploratory experiment, the decay of a sinusoidal profile 
on a high index plane, 9° away from the (111) plane towards the (110) 
plane, was studied. Two interesting observations were made on the decay 
characteristic of the sinusoidal profile. First, the sine profile 
became distorted as shown in Figure 30. Second, the distorted profile 
decayed with time such that the profile maintained a constant distortion 
with time. Thus, the distortion, once stabilized, did not change with 
time and no faceting was observed. The sinusoidal profile had the 
same terrace and ledge orientation. However, the ledge densities on the 
two sides of the peak were different since the ledge density is 
proportional to tan 0, where 0 is the angle of deviation from the terrace 
orientation. The side of the peak with orientation closer to the 
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(111) orientation had fewer ledges than the other side. The initial 
change in the profile seemed to occur such that the crest of the sine 
wave moved so as to increase the relative area of the lower index 
surface which is most likely to have a lower surface energy. If this 
process continues, faceting will occur. However, once the distortion 
begins, the effective wavelength on the low index side increases, which 
lowers the driving force for surface diffusion and the net flux from the 
peak to the valley decreases. At the same time, the effective wavelength 
on the high index side decreases and the net flux increases. The 
distortion process continues until the two fluxes are equal. From this 
point on, the distortion remains constant and the wave decays as observed 
in the experiment. Consequently, the coefficient of surface self-
diffusion of vanadium appears to be higher on low index planes than that 
on high index planes. The reason is most likely to be that the low index 
planes have low ledge densities. However, further data on different 
surface orientation are needed to support this explanation. 
Unfortunately, at the present time, it is difficult to carry out 
in situ study of the decay of such a profile since no theory is 
available to correlate the intensities of the diffracted laser beams 
with the distortion of the profile. Thus, it is recommended that further 
theoretical, as well as experimental work, be carried out to understand 
the effect of the ledge density on the surface diffusion process. 
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C. Coefficients of Surface Self-diffusion of Refractory Metals 
Surface self-diffusion of tungsten has been frequently studied. 
However, there is only a limited number of experimental data on the 
other refractory metals in the literature. They are summarized in 
Table 7. 
There are two types of surface self-diffusion coefficients reported 
in the literature, namely, the intrinsic and the mass transfer 
coefficients. In the case of the mass transfer coefficient, the 
diffusing species are not experimentally distinguishable from the 
substrate and the rate of surface diffusion is determined by monitoring 
the change in the surface profile. On the other hand, if the diffusing 
species are distinguishable from the substrate, like the adatoms in the 
FIM, the diffusion coefficient is then calculated from the displacement 
of those species, is called an intrinsic coefficient. Thus, the 
activation energy for the intrinsic diffusion is equal to the energy of 
migration of the diffusing species, 'jpAiereas the activation energy for 
the mass transfer diffusion includes both the energies of migration and 
formation. Therefore, the value of the intrinsic coefficient can be 
expected to be substantially higher than that of the mass transfer 
coefficient of the same system. 
In the interpretation of experimental results, it is important to 
specify which coefficient is actually being measured. The coefficients 
obtained with the radioactive tracer technique are not included in the 
two groups. Though the tracer atoms are distinguishable from the 
substrate, either they may be trapped in certain types of sites or the 
89 
Table 7. Summary of surface self-diffusion data of refractory metals 
Orien- Direc- Atmos- Experimental^ Temperature .Real. .cm^. Refer-
tation tion phere technique range, K mol o sec ence 
TUNGSTEN 
All All lO"* FEM 
(field on) 
1260-1640 54.4 67 
All All FEM 
(zero field) 
1180-1510 73.8 68 
All All 10-12 FEM 1800-2700 72.4 4.0 16 
All All 10-12 FEM 1700-2100 56.3 69 
Near 
(110) All 10-7 Tracer 
FEM 
2000-2600 31.6 
68.1 
1.1x10-3 
1.0 
70 
71 
(110) 10- FIM 288-337 22 3x10-2 72 
(211) 10" 1° FIM 224-288 13 2x10-7 
(321) 10-10 FIM 288-337 20 1x10-3 
Near 
(100) 
10-5 GBG 2870-3270 78 85 42 
All «2 GBG 1900-2600 53.2 0.2 73 
(110) lO'J^ FEM 2000-2600 68 0.5 74 
(100) 10-2 FEM 2000-2600 62.3 0.3 
-(100) 10-5 GBG 2000-3300 63.1 0.63 43 
(100) [110] 3x10-9 MSD 2560-3150 128 7.6x10^ 75 
(110) FIM 19.9 2x10-3 
3.8x10"' 
76 
(112) FIM 13 
(123) FIM 19.4 1.2x10-3 
(211) FIM 17.7 1x10-3 77 
GBG = grain boundary grooving; MSD = multiple scratch decay; 
SSD = single scratch decay. 
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Table 7. (Continued) 
a 2 
Orien- Direc- Atmos- Experimental Temperature .Kcal. ^ .cm . Refer-
tation tion phere technique range, K mol crsec' 
(211) [111] 10-6 MSD 2300-2600 66.5 1.9 78 
(211) [no] 10-G MSD 2300-2600 90.6 63 
(110) [no] 10"! MSD 2300-2600 82.2 6 
(110) [100] 10]% MSD 2300-2600 83.9 7 
(111) All 10 I MSD 2300-2600 72.8 3.2 
(100) All 10"° MSD 2300-2600 79.0 4.2 
MOLYBDENUM 
All All 3x10-9 FEM 1200-1900 46.2 79 
All All 10'^ GBG 1820-2620 75.3 370 42 
-(100) Ar GBG 1870-2670 51.5 0.39 80 
(110) UHV SSD 2470-2670 69.0 4x10-2 81 
(100) UHV SSD 2170-2670 96.0 2.9x10-4 
Ar GBG 1473-2273 55.8 1.6 82 
Ar GBG 1442-1730 48.3 0.3 83 
Ar GBG 1874-2306 76.7 690 
CHROMIUM 
-(100) 10"^, Ar GBG 1470-1670 50.0 83 43 
NIOBIUM 
99.97 Nb FEM 94.7 84 
99.999 Nb 1 FEM 48.1 
10-10 FEM 1170-1450 49.5 85 
— in (field on) 10 1 FEM 1170-1450 54.7 
(zero field) 
GBG 46.1 0.43 82 
TANTALUM 
FEM 58.0 86 
All 10-9 FEM 1310-1400 44.0 87 
_q (field on) 
All 10 ^ FEM 1220-1290 55.5 
(zero field) 
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thickness of the tracer layer can be more than one atomic layer so the 
tracer atoms may be migrating over one another. In other words, some 
of the tracer atoms actually become the substrate. Therefore, the 
radioactive tracer technique is expected to give results somev^at 
in-between the intrinsic and the mass transfer coefficients. 
Since the surface diffusion of tungsten has been studied with 
practically all available experimental techniques, the results will 
serve as a standard for comparing different techniques. When the values 
of activation energy are considered, those from the FEM and mass transfer 
techniques range from 45 to over 100 Kcal/mole, while those from the FIM 
are all lower than 22 Kcal/mole. This agrees with the fact that FIM 
results do not include the formation energy. Even though there is only 
one data point from the radioactive tracer technique, it is interesting 
to note that its value of 31.6 Kcal/mole is actually in-between the 
two groups as expected. 
The effect of the high electric field in FEM is evident. The value 
of activation energy with the field on is more than 20% lower than that 
with the field off. The electric field may either lower the potential 
barriers or raise the energy of the defects, or even both. 
The activation energy of surface self-diffusion on (211) surface 
is obviously lower than that in other orientation. This effect is more 
pronounced in FIM results. These results are obtained at low 
temperature (< 300°K), where the adatoms have barely enough energy to 
surmount the energy barrier. 
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By examining the values of and D^, the discrepancies among them 
are surprisingly large, even after dividing into appropriate groups. 
Particularly in the group which includes FEM and mass transfer technique, 
the value of the activation energy can differ by a factor of two. If 
the frequency factor remains unchanged, the value of will vary by 
several orders of magnitude. However, a closer look at both values 
of Qg and will reveal that a relatively high value of is usually 
accompanied by a high value of D^. Therefore, when the values of D^, 
which were determined experimentally, are compared, the difference is 
usually within an order of magnitude (Table 8). This indicates that the 
large discrepancy in the values of and may be caused by experimental 
uncertainty, and these errors are consequently reflected in the values 
of and Q. Therefore, it is possible to use an average value for 
tungsten in determining the correlation among the surface self-
diffusion coefficients of bcc refractory metals. 
Gjostein (6) plotted log versus T^/T where T^ is the melting 
point of the metal (Figure 37). The slopes appeared to be the same for 
different metals, with the exception of iron. It should be noted that 
phase transformation occurs in solid iron before it reaches its melting 
point. Therefore, the 'melting point' of a-iron may not be the same 
as that of ô-iron, which was used in this plot. 
Additional data on refractory metals have become available since 
Gjostein's work. The graph was re-plotted as shown in Figure 38. 
Only the mass transfer coefficients measured in vacuum or argon 
are included in this plot. When more than one experimental results 
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Table 8. Coefficients of surface self-diffusion of tungsten at 2000 K 
and 2500 K 
2 2 
Dg(2000K) ^  Dg(2500K) g; Reference 
5.51x10"® 2.06x10"^ 16 
4.04x10" G 1.22x10"^ 71 
2.89xl0"® 1.43x10"^ 42 
2.07x10"® 6.20x10"? 74 
5.16x10"® 1.16x10"^ 74 
8.88x10"® 2.08x10"^ 43 
1.14x10"^ 3.18x10"^ 78 
9.17x10"* 8.51x10"? 78 
7.14x10"* 4.35x10"? 78 
5.44x10"* 3.61x10"? 78 
3.99x10"® 1.52x10"^ 78 
l . l lxio"® 5.77x10"? 78 
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Relative Temperature Dependence of D, for B.C.C. Mêlait 
/*-*dolom (MO)-Eilfopololid 
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Figure 37. Relative temperature dependence of for BCC 
95 
EK 
2.0 2.2 
Tm/T 
Figure 38. Surface self-diffusion coefficients of bcc refractory 
metals, Tm is the melting point of the metal 
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are available, the average values of D^, disregarding any orientation 
dependence, are used. The surface self-diffusion coefficient obtained 
in this investigation appears to be in close agreement with the 
available data of the other refractory metals. All the data fall within 
a band in which the diffusion coefficients vary by a factor of only 
about five. This variation is very small when one considers that both 
surface orientation and diffusion direction are ignored. Thus, a 
general expression for of the refractory metals can be written as 
Ds = 3.75 exp (-9.78 f) ^  . 
This expression then predicts the surface self-diffusion coefficient 
within a factor of two or three. 
In order to obtain a better correlation, it is necessary that 
more reliable data be available for diffusion coefficient on specific 
planes and in specific directions for different refractory metals. 
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V. CONCLUSIONS 
1) Periodic profile decay on vanadium surfaces is orientation 
dependent. Faceting occurs on both (100) and (110) surfaces. The 
profile becomes sinusoidal on the (111) surface. On a high index 
surface, the sinusoidal profile becomes distorted. 
2) The surface self-diffusion coefficient was measured with 
Mullin's sinusoidal profile decay technique on the (111) surface of 
vanadium in both [211] and [llO] directions. The results are 
D = 66 exp ( in the [211] direction 
s RT sec .. 
and D = 288 exp ( in the [llO] direction, 
s RT sec 
3) The experimental results were found to be approximately 
20% lower than that calculated from pairwise interaction model and the 
heat of Sublimation. This was attributed to the fact that the model 
does not include the lattice relaxation and electron redistribution on 
the surface. 
4) The effect of ledges and kinks on the surface self-diffusion 
of vanadium cannot be neglected. 
5) The general surface self-diffusion coefficient of bcc refractory 
metals can be expressed as 
Dg = 3.75 exp (-9.78.%=) ^  . 
The expression predicts of refractory metals within a factor of two 
or three. 
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